Hole cold expansion (HCE) is an effective method to extend the fatigue life of mechanical structures. During cold expansion process compressive residual stresses around the expanded hole are generated. The enhancement of fatigue life and the crack initiation and growth behavior of a holed specimen were investigated by using the 6082 Aluminum alloy. The present study suggests a simple technical method for enhancement of fatigue life by a cold expansion hole of pre-cracked specimen. Fatigue damage accumulation of cold expanded hole in aluminum alloy which is widely used in transportation and in aeronautics was analyzed. Experimental tests were carried out using pre-cracked SENT specimens. Tests were performed in two and four block loading under constant amplitude. These tests were performed by using two and four blocks under uniaxial constant amplitude loading. The increasing and decreasing loading were carried. The experimental results were compared to the damage calculated by the Miner's rule and a new simple fatigue damage indicator. This comparison shows that the 'damaged stress model', which takes into account the loading history, yields a good estimation according to the experimental results. Moreover, the error is minimized in comparison to the Miner's model.
Introduction
Over the last 25 years the cold expansion process has been commonly used to improve the fatigue life of components containing fastener holes 1 . Cold expansion is employed usually in components which are exposed only to service conditions at ambient temperature. The cold-worked process introduces beneficial residual circumferential stresses into an annular region around the hole, and the presence of this compressive residual stress inhibits the growth and propagation of cracks 1, 2 . In order to increase the service life of components some methods have been developed. One of these methods, which was used in this study, is to form a controlled compressive residual stress field around the hole 3, 4 . However, the improvement in fatigue life is difficult to quantify. The residual stresses resulting from the cold expansion process are not uniform through the thickness 5 . Earlier work on cold expansion has used both analytical and numerical two-dimensional models to predict residual stress 6 . Furthermore, combining the residual stress distribution with a fatigue crack growth rate calculation is difficult due to the three-dimensional nature of the problem and complicating phenomena such as crack closure 7 . McNeil and Heston reported that depending upon the fatigue stress level; the process can result in an improvement in fatigue life by a factor of 3 to 10 [8] [9] [10] . In [11] [12] [13] [14] , the authors show the sensitivity of the degree of expansion. In a first phase the residual life increases but beyond a critical value of remaining life decreases sharply and growth is extremely detrimental.
In service conditions, the components or structures are subjected to random or variable block loading. Different relationships 11 have been proposed to calculate the effect of variable amplitude loading conditions. However, these procedures need the identification of many parameters. In literature, in the particular case of block loading, the analysis for this phenomenon is oriented only to two loading steps.
Miner's rule 15 is very much used to evaluate the fatigue damage accumulation when the components or structures are subjected to variable block loading. In this work, the results of a study on fatigue damage accumulation of cold expanded hole in aluminum alloys subjected to block loading are presented.
Tests were carried out using pre-cracked SENT specimens and inserting an expanded hole at the crack tip. The degree of the cold expansion was chosen equal to 4.3%. Tests were performed in two and four block loading under constant amplitude.
The experimental results were compared to the damage calculated by the Miner's rule and a new simple fatigue damage indicator [16] [17] [18] [19] .
General Principle of the Method
In this study, cold expansion is achieved by inserting an oversized rigid ball from one side (entry face) of the holed plate and removing it from the other side (exit face). The degree of cold expansion DCE is defined by the relation:
where d is the diameter of the hole drilling and D is the diameter of the rigid ball. Different technique can be used to repair a cracked component. The cold working expansion process was realized by forcing a hard steel ball of 6 mm inside a predrilled hole (the initial diameters of the hole are: 5.9, 5.8, 5.75, 5.6 and 5.5 mm for aluminum alloy and 5.8, 5.75 for steel) ( Figure 1 ). The singularity due to the crack can be removed by drilling.
A cold expansion of the hole introduces compressive residual stresses that are beneficial in terms of lifetime until a critical degree of expansion where it becomes not beneficial for structures. Both aspects are illustrated in Figures 2 and 3 [17, 20] . The geometry effect on the residual stresses distribution at the crack tip was study little. The bibliography treats primarily the case of the closed cavities and not the case of the open cavities. Both phenomenons are illustrated in Figure 4 .
Experimental Procedure

Materials and specimens
The material used for this study was aluminum alloy Al 6082 T6, with chemical composition (wt. (%)), 0.6 Mg, 0.7 Si, 0.24 Fe, 0.06 Cu, 0.9 Mn, 0.02 Cr, 0.06 Zn, 0.02 Ti and balance Al. We see that the main alloying elements of this alloy are magnesium and silicon. Some of the mechanical properties are given in Table 1 .
A difference gap of 10% between the characteristics of the uncracked specimens and the batch of specimens with hole was noticed.
Cold expansion process
The specimens used for this investigation were conforms to ASTM standards 22 . The geometry of the fatigue test specimen cut in the longitudinal direction is shown in Figure 5 .
For getting specimens with an expanded hole of 6 mm in diameter we drilled a hole of Ø 5.75 mm at the pre-crack tip and then a cold-working expansion process was conducted by forcing a steel ball of 6 mm diameter. The fatigue tests were carried out using a 100 kN capacity Instron hydraulic machine. The loading frequency was 30 Hz and a stress ratio R of 0.57. During fatigue testing, a video camera with scale of 0.1 mm was used to determine the crack initiation in the entry and exit faces of specimen.
Experimental technique
The stress intensity factor amplitude is determined by the following relation 23 : 
In this configuration, the stress amplitude at the notch tip is approximated by the following expression 23 .
where ∆Kρ is the stress intensity factor and ρ is the radius of hole.
Endurance curves are shown in Figure 6 . These are based on constant amplitude test and the failure was considered at the crack initiation 17 .
Results and Analysis
The experimental conditions are given in Table 2 . Eight tests were carried out for increasing loading conditions and as much for decreasing loading. To evaluate the effect between these loading conditions, the Miner's Rule was considered for damage accumulation.
Two and four cyclic stress levels were considered (Tables 3 and 4 ) and two different sequences were applied. The aim of this set of tests is to determine the influence of increasing or decreasing loading conditions on lifetime and to prove that the proposed model takes into account the history of blocks loading and the nonlinearity of the accumulated damage unlike the Miner's rule. The Miner's Rule considers the fractional damage, D i = n i /N i , where: n i is the number of cycles at particular stress level and N i is the number of cycles to failure at particular stress level.
The total damage D = Σn i /N i and the failure is assumed to occur when D = 1. The experimental results were compared to the damage calculated by the Miner's rule 15 and a new simple fatigue damage indicator 'damaged stress model' [16] [17] [18] [19] [20] . The results are given in Tables 5, 6 and illustrated in Figure 7 . We compare the prediction of the both models, Miner's rule and damaged stress model, with the experimental results. 
Conclusion
Fatigue damage accumulation in arresting crack holes with cold expansion process was studied. In total, 24 specimens were tested, eight specimens were used to obtain the fatigue endurance curve and 16 were subjected to increasing or decreasing blocks loading. Using the Miner's rule to calculate the cumulative life time we found that in both cases, increasing and decreasing blocks loading, the experimental results were below prediction. The results obtained by the model of the damage stress are compared with the experimental results and a good Figure 7 shows the comparison between the models prediction and the experimental results for different loading modes (two and four blocks with increasing and decreasing loading) for a precracked specimens repaired by the cold expansion technique. agreement has been found. The experimental results show that the load sequence has no significant effect on the crack reinitiating.
It seems that in the case of drilling with a cold expansion, the combination of the geometrical and mechanical effect attributed to the stress concentration factor associated with the compressive residual stresses predominate in the life time.
In the other hand the load sequence has a minor effect. In this investigation, the compressive residual stresses at the edge of the hole are around of the yielding stress. The effective local applied stress is lower than the residual stress; this observation can explain the raison why there is no significant influence of the sequence loading. Currently, we achieve tests with more important loading in order to evaluate the sequence loading effect.
